Gamma-aminobutyric acid (GABA), GABA-A receptors and GABA transporter 1 (GAT1) were reported to be involved in the proliferation of Leydig cells, testosterone production and spermatogenesis. Since methamphetamine (METH) has been reported to have adverse effects on testis and its functions, the aim of this study was therefore to determine the changes of GABAergic activity in testis after METH exposure. Male Sprague-Dawley rats were divided into control, acute binge (AB-METH), escalating dose (ED METH) and escalating dose-binge (ED-binge METH) groups. After sacrifice, rat testes were removed and used to estimate GABA concentration and the expression of GABA-A receptor, GAD1, GAD2 and GAT1 genes by using HPLC and RT-PCR, respectively. The GABA concentration was significantly increased in all METH-administrated groups. In addition, significant increases of GABA-A α1 receptor and GAD1 genes expression were found in the ED-binge METH group. Gene expressions of GAT1 were numerically decreased in all METH-administrated rats and reached significant in the ED METH group. These results indicated a compensatory upregulation of GABA production and its functions in testis after METH exposure. Thus, these changes might represent a homeostatic response of GABAergic to the adverse effects of METH.
Introduction
Indicators of GABAergic neuronal function include gamma-aminobutyric acid (GABA), GABA receptors, GABA transporter (GAT) and glutamate decarboxylase (GAD); the GABA synthesizing enzymes. The expression of such GABAergic markers has been reported not only in the brain but also in peripheral tissues including the testis. Several subunits of the GABA receptors were found in rodent and human testes while the GABA synthesizing enzymes were also detected: GAD67 and GAD65, which are encoded by GAD1 and GAD2 genes respectively. Interestingly, the GABA-A α1 receptor, GAD67 and GAD65 were found localized to Leydig cells [1] . These findings indicate that the synthesis of GABA might occur in testis. In the testis, GABA acts through its receptors, especially the GABA-A receptors. Changes in GAD and GABA receptors can influence GABA concentration and synaptic activity, respectively. Whereas, a decrease of GAT1 can result in an increase in GABA concentration. The activity of GABA via GABA-A receptors is involved in the proliferation of Leydig cells and testosterone production [2, 3] . Additionally, GABA can act as an inhibitory regulator of spermatogenesis. The enhancement of GABA activity can suppress the proliferation of spermatogonial stem cells (SSCs) [4] . Moreover, GAT1 influences the expression and the role of testicular function [5] . Abnormalities of Leydig cells including small size and decreased number were found in transgenic mice with abnormal GAT1 expression [6] . These findings show that GABAergic activity plays an important role in controlling testicular functions.
Methamphetamine (METH) abuse can cause addiction and adverse effects on the nervous and male reproductive systems. Several studies have
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International Publisher reported impairments of testis, sperm quality and endocrine disruption after METH exposure [7] [8] [9] [10] . Apoptosis of Leydig cells and a decrease of serum testosterone were found [8, 9] . Furthermore, METH administration resulted in the reduction of progesterone and estrogen receptor expression in testis [9] . This evidence indicates the powerful adverse effect of METH on testicular function. Interestingly, the changes of sperm quality and the expression of androgen receptor in Leydig cells was found in a rat model of addiction after the administration of GABA and a GABA-containing food supplement [11] . Thus, this study proposed to investigate the alterations of GABAergic measures in the testis of METH-administered rats.
Materials and methods

Animals and METH administration
Male Sprague-Dawley rats were housed and maintained at 24±1°C under 12 hours of the light/dark cycle with free access to water and food. METH administration protocol was approved by Naresuan University Animal Care and Use Committee, Thailand. The protocols were adapted from Segal et al. [12] . Briefly, the rats were divided into 4 groups (n = 8-10 per group) including control, acute binge (AB METH), escalating dose (ED METH) and escalating-binge METH (ED-binge METH) groups. The rats in the control group were injected intraperitoneally (i.p.) with 0.9% saline for 15 days. In the AB METH group, rats were injected (i.p.) with saline for 14 days followed by METH binge dose, 6 mg/kg METH in 4 times a day at 2 h intervals, on day 15. The rats in the ED METH group were treated in parallel with in the ED-binge METH group. They were injected (i.p.) with a gradually increasing dose of METH 0.1-4 mg/kg, for 14 days and either 0.9% saline or METH binge dose on day 15 for the ED METH and ED-binge METH groups, respectively. At the end of the treatment, testes were removed immediately after sacrifice and kept at -80°C.
High performance liquid chromatography (HPLC) analysis
Testis was thawed and homogenized on ice with deionized water. After that the homogenate was centrifuged at 10,000 rpm for 20 minutes at 4 ºC. The supernatant was collected, then precipitated with 50% methanol. Following precipitation, the sample was centrifuged again at 10,000 rpm for 20 minutes at 4 ºC. Supernatant was collected and filtered with a 0.22 µm polyvinylindene fluoride membrane. The GABA concentration in the rat testis was analyzed using HPLC with electrochemical detection. O-Phthaldialdehyde (OPA)/Sulfite was used as derivatizing reagent. It was added into filtrated supernatant. Then, the supernatant was injected onto a C18 reverse phase (pore size 5 µm) column, with a mobile phase consisting of 0.1 M Sodium Phosphate in 8% methanol (HPLC grade) pH 5.84. Electrochemical conditions were +700 mV for guard cell potential, +400 mV for E1 and +650 mV for E2. A flow rate of 1 ml/min was used for peak separation. Column temperature and auto-sample injection chamber was controlled at 25 ºC and 4 ºC respectively. This method was validated with chromatographic parameters validation tests including precision, linearity and accuracy tests [13] . The peak areas of samples were recorded and the GABA concentration calculated.
Reverse transcription polymerase chain reaction (RT-PCR) technique
Total RNA was isolated from testis using the TRIzol TM Reagent (Invitrogen, Carlsbad, CA) and chloroform. Then, it was used to synthesize complementary DNA (cDNA) using a qScript TM XLT cDNA Supermix (Quanta Biosciences, Gaithersburg, MD) according to the manufacturer's protocol. Oligonucleotide primers of GABAergic system genes are show in Table 1 . The primer for GABA-A α1 receptor was used according to a previous study [14] . All Other primers were designed by using Primer3 software (freely available at http://bioinfo.ut.ee/ primer3-0.4.0/) and Oligo Analyzer software version 1.0.3 (Freeware, Teemu Kuulasmaa, Finland). The RT-PCR sequences were amplified using a PerfeCTa SYBR Green FastMix, ROX (Quanta Biosciences, Gaithersburg, MD) and performed on a PCRmax Eco 48 real-time PCR system (PCRmax, Staffordshire, UK). Then, the gene expression levels were represented as relative mRNA expression values of interested genes that were normalized with reference gene (GAPDH gene). Table 1 . Sequence of oligonucleotide primers for gene expression in rat testis using RT-PCR
Statistical analysis
The data are shown as mean ± SEM. The differences between groups were analyzed by using One-way ANOVA followed by Dunnett's post hoc test. Statistical significance was considered at p ≤ 0.05.
Results
GABA concentration in rat testis
The results of the relative standard deviation of intraday and interday precision were 0.24% and 1.925%, respectively. The linearity test and accuracy test were acceptable at R 2 = 0.9999 and recovery rate = 100.1%. The concentrations of GABA were significantly increased in AB-METH, ED-METH and ED-binge METH groups compared to a control group (p ≤ 0.05) (Figure 1 ).
GABA-A α1 receptor, GAD1, GAD2 and GAT1 genes expression in rat testis
The mRNA expressions of GABA-A α1 receptor and GAD1 gene were significantly increased in ED-binge METH group compared to the control group (Figure 2 and Figure 3) . However, gene expression of GAD2 was not changed in all METH-administrated groups (Figure 4) , while, a significant decrease of GAT1 was found in the ED METH group compared to the control group ( Figure  5 ). 
Discussion
Our findings showed that METH administration can bring about an increase of GABA concentration. In parallel with this change, gene expression of GABA-A α1 receptor and GABA synthesizing enzyme, GAD1, in the testis were increased after METH administration. Additionally, a reduction of the GAT1 gene expression in METH-administrated rats indicated that GABA reuptake was inhibited. The reduction of GABA reuptake resulted in an enhancement of the GABA concentration [15] . Therefore, the results of this study demonstrated the stimulation of GABA production and function in the testis in response to the adverse effect of METH exposure.
METH exposure has been reported to induce apoptosis of spermatogenic cells as well as damage to Leydig cells and their functions [8, 9] . Since Leydig cell proliferation [3] and the production of testosterone [2] are regulated by the GABAergic activity, the increases of GABA concentration and GABA-A α1 receptor in the testis of METH-administrated rats might be compensatory responses to the effects of METH. Moreover, the inhibitory effect of GABA can inhibit SSC proliferation, the initial spermatogenic cells in spermatogenesis [4] . Thus, high activity of GABA in response to METH may result in spermatogenesis arrest in the testis. Additionally, there was a report that the abnormal expression of GAT1 in the testis leads to the impairment of spermatogenesis and testosterone production [6] . The present study, therefore, also provides further indications of the imbalance of the GABAergic function in the testis that might enhance testicular abnormalities.
In this study, changes in the GAD1 gene but not in the GAD2 gene could reflect that GAD1 gene is more responsive to the adverse effect of METH than GAD2 gene in the testis. There was a previous study showing that the activity of GAD in Leydig cells was found only in GAD67 protein, encoded by the GAD1 gene [3] . Similarly, our results also demonstrated that METH influenced GAD1 gene that specifically acts on Leydig cells.
Interestingly, the ED-binge METH administration which is actually mimic the use of METH in METH abusers can enhance abnormalities of sperm morphology [10] . Furthermore, our previous study showed that the concentration of norepinephrine and its metabolite in testis were attenuated in the ED-binge METH group [16] . Consistent with these findings, we found that not only GABA concentration but also the expression of GAD1 and GABA-A α1 receptor genes were obviously changed in the ED-binge METH group. The association of the inhibitory regulation of GABA with norepinephrine release was reported in another peripheral tissue such as the adrenal gland. GABA activation by the GABA-A receptor agonists caused the inhibition of the norepinephrine release from the adrenal gland [17] . With the similar regulation in the adrenal gland, an increase of GABA activity in the testis in response to METH might inhibit the release of norepinephrine which may cause spermatogenesis arrest [18] .
This study focused on the determination of GABAergic gene expression because there are relatively few studies supporting the role of GABAergic in the testis and the mechanism of the GABAergic changes is still unclear. Our results demonstrated the changes of GABAergic in METH-administered rats. These could reflect that GABAergic activity might be a useful therapeutic target to improve reproductive dysfunction caused by METH exposure.
In conclusion, the present study supports the important role of GABA in the testis. GABA concentration, GAD1 and GABA-A receptor gene expressions were increased while GAT1 gene expression was decreased in testis of METH-administrated rats. These changes could reflect the increase of GABA concentration and its activity in an attempt to compensate the adverse effects of METH on male reproductive function.
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